Abstract: It is crucial for the studies of the transport properties and quantum effects related to Dirac surface states of three-dimensional topological insulators (3D TIs) to be able to simultaneously tune the chemical potentials of both top and bottom surfaces of a 3D
and two-dimensional (2D) TIs, whereas it is insufficient for 3D TI thin films. A 3D TI thin film has Dirac SSs at both its top and bottom surfaces, and the two surfaces may have different chemical potentials due to band-bending or different surface environments. 9 The transport data on such a film, including contributions from both surfaces, is difficult to interpret in straightforward way unless the chemical potentials of two surfaces are tuned nearly the same. It is particularly important for investigating the properties and quantum effects related to Dirac point, the most interesting part of a Dirac band, that we can simultaneously tune Dirac points of top and bottom SSs very close to Fermi level (see the top schematic in Figure 1a ). On the other hand, some quantum phenomena, for example exciton condensation 22 and electrical field induced topological transition 23 , are expected in a 3D TI thin film with its two surfaces tuned p-and ndoped, respectively (see the bottom schematic in Figure 1a ). Dual-gate structure that can simultaneously tune the chemical potentials of two surfaces between p-and n-types should thus be a standard setup for studies of 3D TIs which however has rarely been applied in previous works on MBE-grown 3D TI thin films. In this study, by using SrTiO3 substrate and amorphous Al2O3 layer prepared by atomic layer deposition (ALD) as bottom-and top-gate dielectrics, respectively, we realized simultaneous gate-tuning of the top and bottom SSs of three different 3D TI thin films between p-and n-types. This progress takes us a step closer to realizing many quantum effects and applications of 3D TIs.
1,2
The samples used in this work are a 4QL (Bi0.04Sb0.96)2Te3, a 4QL Sb2Te3 and a 5QL Cr0.22 (Bi0.25Sb0.85)1.78Te3 films grown by MBE on SrTiO3 (111) substrates. The film thicknesses chosen are large enough for these materials to develop gapless Dirac SSs. 24, 25 The high dielectric constant of SrTiO3 at low temperature (~20000 at 2K) makes the 0.25mm thick substrates still good dielectric layers for efficient bottom-gating. RH first increases, then rapidly drops from positive to negative, and resumes increasing after crossing a negative maximum. The xx-Vb curve on the other hand only shows one maximum.
These observations indicate a typical ambipolar behavior which means that dominating carriers in the film are tuned from holes to electrons by bottom-gating. 27 The whole n2D modulated by bottom-gating is ~2×10 13 cm -2 as Vb changes from -10V to 100V (see the inset of Figure 2c ).
Although ambipolar behavior is observed, we cannot obtain a very low carrier density. The minimum n2D measured is ~4.6×10 the Dirac point from bulk gap to below VBM. 18 In this case, the expected low carrier density when Fermi level crosses Dirac points can never been reached because of existence of bulk electrons. Pure Sb2Te3 still has its Dirac point exposed in bulk gap and can show low carrier density with dual-gate modulation. However Sb2Te3 is usually heavily hole-doped by anitsite defects. By optimizing MBE growth condition, 30 we managed to reduce the intrinsic carrier density of Sb2Te3 films to the level of ~1×10 13 cm -2 , low enough to be removed by gate voltages. In Figure 3b we show xx-Vt curves of the 4QL Sb2Te3 film measured at different Vb.
Dramatic changes induced by both top and bottom-gate voltages are observed. In the xx-Vt curve for Vb = 0V, xx exhibits a peak up to 110k at Vt = 8V, about 40 times larger than that at Vt = 0V. Assuming that carrier mobility of Dirac surface states is constant, the n2D corresponding to the xx peak (Vb = 0V, Vt = 8V) should be ~2×10 According to previous scanning tunneling spectroscopy study, a 4QL thick Sb2Te3 film shows sharp zero-mode Landau level in magnetic field, which guarantees formation of gapless Dirac point at that thickness. 25 A 3QL thick Sb2Te3 film, on the other hand, exhibits a SS gap of ~50meV 25 and shows the maximum xx above 1M even when modulated with a single gate 30 .
The much smaller xx peak value of 4QL film (240k) than 3QL one is consistent with the existence of gapless SSs. In single layer graphene, another well-known Dirac system, xx usually shows a peak of around 6k as Fermi level sweeps Dirac point. 31 One may concern why the maximum xx in Sb2Te3 is much larger than that in graphene. The difference probably comes from different properties of the Dirac states of graphene and TIs. The Dirac point of graphene is protected by valley symmetry and, under zero magnetic field, can only be gapped by intervalley scattering which is usually quite weak. 33 The Dirac point of topological surface states of TIs is protected by time-reversal symmetry. The spin degeneracy of Dirac point of TIs is immune to elastic scattering but not necessary to inelastic one, or dephasing. 34 The latter process can only be neglected when sample size is smaller than the phase relaxation length (L  ), typically several hundred nanometers for Bi2Se3 family TIs. 35 In HgTe quantum well 2D TI that shows quantum spin Hall effect, xx reaches ~100k when sample size is increased to ~20m because of inelastic scattering between two time-reversal edge channelsStrong backscattering near Dirac points of 3D TIs induced by dephasing together with impurity scattering has been demonstrated by theoretical and spectroscopic studies. 36, 37 The sample studied here is much larger than L  . It is thus reasonable that inelastic scattering leads to strong backscattering at Dirac point and a rather large maximum xx. In smaller dual-gated Sb2Te3 samples and at lower temperature where inelastic scattering is suppressed, the intrinsic transport properties of Dirac points can be revealed. It will be valuable to the TI field. Furthermore, the observed resistance enhancement by a factor of 10000% via gate-tuning, something not seen before, may find applications as fieldeffect transistors. In conclusion, we have realized high efficient dual-gate modulation in different 3D TI thin films grown by MBE. The films can be tuned between n-and p-types with each of the two gates alone, enabling controlling the potential profile of the films with large freedom. The Dirac points of both top and bottom SSs can be shifted simultaneously crossing Fermi level, which not only facilitates studies on intrinsic properties of Dirac point but also helps for the observation of the quantum anomalous Hall effect in magnetic TIs. 38 The obtained factor of 10000% change in
On/Off ratio in Sb2Te3 promises applications of 3D TIs in field-effect transistors.
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